In at least 98% of fragile X syndrome cases, the disease results from expansion of the CGG repeat in the 5′ end of FMR1. The use of microsatellite markers in the FMR1 region has revealed a disparity of risk between haplotypes for CGG repeat expansion. Although instability appears to depend on both the haplotype and the AGG interspersion pattern of the repeat, these factors alone do not completely describe the molecular basis for the linkage disequilibrium between normal and fragile X chromosomes, in part due to instability of the marker loci themselves. In an effort to better understand the mechanism of dynamic mutagenesis, we have searched for and discovered a single nucleotide polymorphism in intron 1 of FMR1 and characterized this marker, called ATL1, in 564 normal and 152 fragile X chromosomes. The G allele of this marker is found in 40% of normal chromosomes, in contrast to 83% of fragile X chromosomes. Not only is the G allele exclusively linked to haplotypes over-represented in fragile X syndrome, but G allele chromosomes also appear to transition to instability at a higher rate on haplotypes negatively associated with risk of expansion. The two alleles of ATL1 also reveal a highly significant linkage disequilibrium between unstable chromosomes and the 5′ end of the CGG repeat itself, specifically the position of the first AGG interruption. The data expand the number of haplotypes associated with FMR1 and specifically allow discrimination, by ATL1 alleles, of single haplotypes with differing predispositions to expansion. Such haplotypes should prove useful in further defining the mechanism of dynamic mutagenesis.
INTRODUCTION
Information obtained from allele state at flanking polymorphic markers was essential for cloning of the FMR1 gene in 1991 (1) . Since then, a number of studies have focused on the use of polymorphic markers to investigate the origins of fragile X expansion mutations. The most studied polymorphism is the CGG repeat in exon 1 of FMR1 itself, which ranges from six to ∼60 repeats in normal individuals. The repeat is unstable in non-penetrant premutation carriers (∼60-200 repeats) and in full mutation patients (>200 repeats). Expansion to the full mutation state results in hypermethylation of the repeat and a nearby CpG island of the FMR1 promoter, thus suppressing transcription of FMR1 (1) (2) (3) (4) . The exact molecular basis of the instability is largely unknown; however, models assuming multistep pathways are thought to be the most accurate in describing CGG repeat length progression (5) (6) (7) (8) . In these models, four general states of the repeat alleles are described: N, normal and stable alleles (<41 repeats); S, high end normal or predisposed alleles (41-60 repeats); Z, premutation and unstable alleles; L, expanded, full mutation alleles. The transition steps between each pool have variant rates and the mutational mechanisms which move CGG repeat alleles from one pool to the next are not well defined (5, 9) . Currently, the use of data from dinucleotide polymorphisms in and around FMR1 provide the best estimates of the mutational steps involved in producing unstable and expanded alleles. Several studies have shown that the CGG repeat of FMR1 often contains one or more AGG interruptions, generally at regular intervals in normal individuals (10) (11) (12) . In stable repeat tracts, the number and position of AGG interruptions can provide information as to the age of alleles (13) , particularly when combined with haplotypes defined by flanking loci (14, 15) . These interruptions, thought to have been present in the FMR1 repeat since early hominoid ancestors (16) , appear to play a crucial role in the maintenance of repeat stability. FMR1 repeat tracts with at least 34 pure CGGs have been observed to be unstable upon transmission, including all premutation alleles where interspersion patterns have been determined (12, 14, 17, 18) . Thus, loss of one or more AGG interspersions, creating a longer perfect repeat tract, almost certainly represents one mutational step hypothesized for repeat tracts to progress to instability and disease (9) . Alternatively, a slow, sequential lengthening of a perfect repeat array may represent another route to premutation alleles (10) .
One paradoxical aspect of the fragile X mutation has been the maintenance of linkage disequilibrium with flanking markers despite the high estimated overall mutation rate of 0.8 × 10 -4 from normal repeat alleles to unstable alleles (9) . The most characterized marker loci used in association studies ( Fig. 1 ) have been DXS548 (19) and FRAXAC1 (20) , two dinucleotide (CA) repeat markers 150 and 7 kb, respectively, proximal to the CGG repeat, and FRAXAC2 (20, 21) , a complex repeat polymorphism 12 kb distal of the repeat. Haplotype construction with these markers has revealed linkage disequilibrium between the normal, stable alleles as well as the unstable CGG repeat alleles among individuals with the fragile X syndrome (reviewed in ref. 9 ). This has led to the suggestion that the mutation(s) causing instability are preferentially associated with certain combinations of flanking markers (7), made more complex by linkage of certain AGG interruption configurations in the repeat itself to specific haplotypes (10, 14) .
Despite the utility of these microsatellite markers, they have certain disadvantages common to dinucleotide repeats. Determination of allele state at microsatellite markers requires gel analysis, which is not practical for rapid processing of large numbers of samples. Also, discernment of exact allele state by gel analysis can often be difficult due to a ladder of bands of similar intensity. This problem is particularly evident with the complex marker FRAXAC2 (21) . Gel analysis, in particular, suffers from variation in migration of repeat-rich PCR products, resulting in difficulty comparing studies between laboratories which use different standards for size determination. In addition to these largely technical issues, microsatellites have a high mutation rate, up to ∼1/1000 at some loci (22) . While this leads to the informativeness of multiple alleles, the high mutation rate may blur allelic associations over time. For example, almost two thirds of full mutation chromosomes are linked to four or five haplotypes, while the remainder of the full mutations appear to occur on rare backgrounds (9) . These rare haplotypes may well be due to mutations at the microsatellites or recombination which alters haplotypes after the transition to S alleles but before full expansion, a process that is estimated to take >90 generations (23) . Indeed, it has also been suggested that genome-wide or regional instability could affect both the microsatellite markers and the FMR1 repeat simultaneously (24) (25) (26) , obscuring the linear relationship of haplotypes and the CGG repeat. Therefore, more stable markers, such as single nucleotide polymorphisms (SNPs) could provide a distinct advance to studies investigating the origin of CGG repeat instability in FMR1. Indeed, SNP loci are both technically superior to microsatellites and much more stable (27) . Unfortunately, SNPs suffer from having only two alleles and if the variant allele is either very infrequent or of very recent origin, the utility of the SNP for haplotype analysis is limited.
We have previously described two SNPs in FMR1: FMRa, the deletion of a T nucleotide in intron 1, and FMRb, a G→A transition in exon 5 (10) . However, the rarer allele of each marker is completely linked to the same FRAXAC1 allele in both normal and fragile X Caucasian samples (10, 15) , thus minimizing the additional information obtained by typing these two SNPs. Here we report the identification and characterization of a novel SNP in intron 1 of FMR1, 5.6 kb distal of the CGG repeat. This SNP, named ATL1, has two alleles at near equivalent frequencies in the normal population and displays marked disequilibrium with fragile X chromosomes. Moreover, ATL1 alleles define haplogroups of each previously defined haplotype, thereby providing considerable insight into the mutational history of FMR1 alleles and potential mechanisms of instability.
RESULTS
In order to identify new polymorphisms in the FMR1 gene, single-stranded conformational polymorphism (SSCP) analysis was conducted on sequences in intron 1. Several primer sets of 200-300 bp products were tested on a panel of normal and fragile X male samples of various FMR1 haplotypes. Use of one primer set (ATL1-F and ATL1-R) yielded differing band patterns in a number of the samples (Fig. 1A) . The variety of complex banding patterns observed reflects the fact that the previously described SNP FMRa (10), originally discovered as a sequencing variant, is also contained within this PCR product. Sequence analysis (Fig. 1B) revealed that at nt 19445 of the human FMR1 gene sequence (GenBank accession no. L29074), the sampled X chromosomes had either an A or a G base. Thus, as shown in Figure 1D , this single nucleotide polymorphism, named ATL1, is 79 bp downstream of FMRa, 5.6 kb downstream of the polymorphic CGG repeat in exon 1 of FMR1 and 6.8 kb upstream of the FRAXAC2 marker in intron 2. We developed allelespecific oligonucleotide probes for use in a dot blot screening method to rapidly distinguish the two alleles, ATL1-A and ATL1-G (Fig. 1C ).
ATL1 and CGG repeat length
This assay was tested first on X chromosomes with normal CGG repeat lengths at FMR1 (see Materials and Methods). In 564 chromosomes tested (Table 1) , the ATL1-A and ATL1-G alleles were represented at 60 and 40%, respectively. The two alleles of ATL1 are linked to similar numbers of different CGG repeat length alleles, with the A allele on 28 individual repeat length backgrounds and the G allele on 31. However, a significant difference (Fisher's exact test, P < 0.001) was observed in the overall length distribution of repeats with respect to each ATL1 allele, shown graphically in Figure 2 . As the mode repeat number for Caucasians is 30 CGG repeats (15), we examined separately the ATL1 allele distribution for 14-29 repeats, 30 repeats and 31-57 repeats (Table 1) . Chromosomes with the 30 repeat and ATL1-A alleles were by far the most frequently observed in Caucasians, representing 30% of all samples tested. All three CGG repeat categories were significantly different (Fisher's exact test, P < 0.005) for the two alleles of ATL-1, with the G allele being more frequent only in the group with the largest repeats. Further studies revealed a highly significant difference (χ 2 = 89.33, P < 0.001) in the distribution of the two ATL1 alleles between normal repeat length and fragile X chromosomes. Among 152 fragile X chromosomes tested (Table 1) , the G was found on 83%. Chromosomes with 41-60 CGG repeats are termed intermediate or 'gray zone' alleles. Interestingly, if the 24 chromosomes in the normal repeat sample set with CGG repeats between 41 and 60 are examined separately, the distribution of the two ATL1 alleles is the same as that seen in fragile X chromosomes, at 17% A and 83% G. An independently ascertained group of 34 intermediate allele and premutation-sized chromosomes (see Materials and Methods) showed a similar distribution of 15% A and 85% G. These results further extend previous observations that intermediate alleles comprise the pool from which expanded repeat chromosomes are derived. In addition, we have seen that the G allele of ATL1 is in significant linkage disequilibrium with larger sized CGG repeat alleles at FMR1.
ATL1 and haplotype associations
Marked linkage disequilibrium has been observed between the CGG repeat locus and flanking microsatellite markers (locations shown in Fig. 1D ), particularly DXS548 and FRAXAC1. We tested the 564 normal repeat length X chromosomes and 152 fragile X full mutation chromosomes for the DXS548 and FRAXAC1 dinucleotide repeat markers. Overall, we observed a range of haplotypes similar to previously published surveys of these two microsatellites (for a review see ref. 9). However, as shown in Table 2 , the distribution of the dinucleotide marker haplotypes is significantly different for the two alleles of ATL1 for both normal and fragile X chromosomes (Fisher's exact test, P < 0.001 for each).
First, the ATL1-G allele is associated with many more haplotypes than the ATL1-A allele, even though the G allele is the less frequent in the normal chromosomes tested. The A allele is almost exclusively (95%, 323 of 340 chromosomes) linked to AC1 allele 3. Furthermore, 15 of the 17 chromosomes not linked to AC1 allele 3 have AC1 alleles mutated by only one dinucleotide repeat, thus being AC1-2 or AC1-4. In contrast, the ATL1-G allele is distributed among three predominant alleles at the FRAXAC1 marker, with AC1 alleles 1, 3 and 4 represented on normal G allele chromosomes at 22, 41 and 36%, respectively. For the fragile X chromosomes examined, the A allele is completely associated with AC1 allele 3. The G allele is linked to the same three alleles of AC1, but in a dissimilar distribution from control chromosomes, at 35, 16 and 47% for AC1 alleles 1, 3 and 4, respectively.
For further examination of common haplotypes, the results from our microsatellite analysis are indicated graphically in Figure 3 . Certain DXS548-FRAXAC1 haplotypes have been previously described as positively or negatively associated with the fragile X mutation (14) and we found the 'positive' haplotypes exclusively linked to the ATL1-G allele. For example, the 2-1-G and 6-4-G haplotypes were observed on 4 and 7% of normal X chromosomes, but were found on 23 and 33% of fragile X chromosomes, respectively. Neither the 2-1 nor the 6-4 haplotype was observed together with the ATL1-A allele in normal or fragile chromosomes.
In contrast, the 7-3 haplotype has been hypothesized to have a negative effect on the probability for expansion. We saw the 7-3 haplotype itself present on 62% of all normal X chromosomes tested, comparable with previous studies (9, 14) . Interestingly, the 7-3 haplotype is not equally observed between the A and G alleles in normal and fragile X chromosomes. Indeed, the 7-3-A allele is significantly under-represented (χ 2 = 79.4, P < 0.001) in fragile X chromosomes, at 12 compared with 51% of all normal chromosomes, while the 7-3-G allele is found at similar levels (χ 2 = 1.36, not significant) in normal (11%) and fragile X chromosomes (9%). Thus, the ATL1 locus can be used to discriminate between two 7-3 haplotypes, one protected from expansion (7-3-A) and one not protected (7-3-G). Alleles are organized by DXS548-FRAXAC1 haplotype (arranged by FRAXAC1) and then by ATL1 allele. Percentages are of all normal or all fragile chromosomes tested, respectively. The most predominant haplotypes are indicated in bold and discussed in the text. 0 at DXS548 indicates a 208 bp product (confirmed by sequencing).
In a subset of normal and fragile X chromosomes, we also determined allele state at the FRAXAC2 complex microsatellite marker. The results are shown in Table 3 , with chromosomes separated by DXS548-FRAXAC1-FRAXAC2 haplotype and by allele state at ATL1. As in Table 2 , the chromosomes are ordered by allele state at FRAXAC1, as it is the marker closest to the repeat itself. Even with the large sample size, many of the haplotypes only occur on one chromosome or are only associated with one AC2 allele, so the amount of information obtained by typing this marker is minimized. However, we observed significantly unequal distributions of the AC2-4 (χ 2 = 34.4, P < 0.001) and AC2-4+ (χ 2 = 162.5, P < 0.001) alleles based on their ATL1 association. For example, Table 3 shows that addition of the FRAXAC2 marker splits the 7-2 haplotype into two groups: 7-2-4, which is only associated with ATL1-G and includes normal and fragile X chromosomes; 7-2-4+, which is only associated with ATL1-A and only on normal chromosomes. This split is also found on the 6-3-4 versus 6-3-4+ haplotypes and on 7-3-4 versus 7-3-4+. Although both of these AC2-4+ groups show fragile X chromosomes with the ATL1-A allele, expansions to full mutations appear to occur at a lower frequency on AC2-4+, ATL1-A chromosomes than on AC2-4, ATL1-G chromosomes.
ATL1 and AGG interspersion pattern
To completely describe the relationship between known FMR1 polymorphisms and ATL1, we studied the AGG interruption pattern of the FMR1 CGG repeat on 203 of our normal repeat length X chromosomes (10, 14) . Of these chromosomes, 122 have the A allele of ATL1 and 81 have the G allele. Figure 4 shows the interruption pattern of these samples, grouped by DXS548-FRAXAC1-FRAXAC2 haplotype and separated by ATL1. A marked split between the two groups was observed: 90% (110/122) of the A allele chromosomes have the first AGG interruption in the eleventh position (or 10+n) and 81% (66/81) of the G allele chromosomes have the first AGG in the tenth position (9+n). The difference between the two ATL1 alleles and the 9+n or 10+n repeat configurations, shown graphically in Figure 5 , is statistically highly significant (χ 2 = 105.6, P < 0.001). Haplotypes in bold type are common to normal and fragile X chromosomes. Table 2 are depicted in graphical form, with normal chromosomes on the left and fragile X chromosomes on the right. In each group, percentages of ATL1 alleles are indicated at the side as shades of red and percentages of microsatellite haplotypes as shades of blue.
Within the most common normal haplotype (7-3-X), the use of ATL1 clearly shows a separation of CGG repeat alleles with the 9+n and 10+n interruption patterns. The overall repeat length is similar for chromosomes with the A or G allele linked to this haplotype (Fig. 4) . However, 80% (8/10) of haplotype 7-3-X, 9+n CGG repeat chromosomes have the G allele, while 97% of 7-3-X, 10+n chromosomes (95/98) have the A allele. This 7-3-X haplotype has been hypothesized to have originated from a progenitor FMR1 allele of 10+9+9 repeats (14) , which indeed makes up 46% (48/104) of the normal 7-3-X, ATL1-A chromosomes examined. In contrast, the 10+9+9 configuration only represents one out of 14 (7%) of the control 7-3-X, ATL1-G chromosomes. Therefore, similar to our results from FRAXAC2 analysis, ATL1 delineates chromosomes within this predominant haplotype that arose from separate founders and as a consequence appear to have varying rates of progression to instability.
Previously, repeat tracts containing >24 pure repeats have been suggested to represent alleles at risk for expansion to fragile X syndrome (10). These alleles have been hypothesized to account for 0.5-4% of normal X chromosomes, possibly corresponding to the S pool of alleles in the multistep progression models (5, 6, 10) . In our survey we find 7/205 control samples tested have tracts of >24 perfect repeats, or 3.4%. No alleles with >24 pure CGG repeats were observed linked to the ATL1-A allele; thus, all seven samples with >24 pure repeats are linked to ATL1-G. Four of these seven X chromosomes have the 'predisposing' 2-1-X haplotype background and have a 9+9+n repeat configuration. The remaining three are either 9+n or completely pure and are associated with haplotypes more rarely seen in fragile X syndrome: 1-3-4, 2-3-4 and 7-4-6+. Three completely pure repeat tracts are linked to the A allele but none exceeded 23 repeats; in contrast, those observed linked to the G allele were 54, 27 and 24 uninterrupted CGG repeats respectively. To further examine the ATL1 status of chromosomes with larger repeat tracts (Table 4) , we tested the 34 intermediate allele and premutation-sized chromosomes mentioned previously (see Materials and Methods). This set of chromosomes contained a large proportion of 2-1-3 haplotype samples, reflecting the tendency for repeats on the haplotype to accrue large 3′-end tracts after two 9+ units (14) . We observed exclusive linkage of the ATL1-G allele to FRAXAC1 alleles 1 and 4 and thus to haplotypes considered predisposed to repeat expansion. The ATL1-A allele was only observed on 5/34 chromosomes and exclusively on the 7-3-4+ or 8-3-4+ haplotypes. Again, we saw a significant difference (Fisher's exact test, P < 0.005) between the two ATL1 alleles and the 9+n or 10+n repeat configurations. Of the 29 chromosomes with the ATL1-G allele, 28 (97%) had the 9+n repeat pattern. This pattern was seen on 1/5 of ATL1-A chromosomes, while the 10+n pattern was found on 3/5. These data suggest that the strong linkage disequilibrium of ATL1 among fragile X chromosomes may result from an association with predisposing risk factors leading to expansion of CGG repeats at the FMR1 locus, including flanking microsatellite haplotype and length and purity of the CGG repeat.
Origin of ATL1
Chromosomes with the ATL1-A allele appear to be remarkably homogeneous for both the microsatellite markers tested and the CGG interruption pattern, in contrast to those with the ATL1-G allele. Given this fact, we wished to examine two possible explanations: either the ATL1-G allele is the ancestral state or the G allele is associated with greater instability at surrounding repeat sequences. To characterize human chromosomes of advanced genetic age, we examined the ATL1 allele state in several isolated African populations, including 10 !Kung, 10 Khwe, three Mbuti pygmy and two Biaka pygmy samples (all males). All of these samples but one Khwe male, or 96%, had the ATL1-G allele (data not shown). In addition, 36 normal repeat length X chromosomes known to be African-American in origin were tested and 72% of these had the G allele. In this open population, the A allele is completely linked to AC1 allele 3 and 78% of the A allele chromosomes were of the 7-3-X haplotype (data not shown).
To further determine the ancestral ATL1 allele, we tested the ATL1 status of nine male chimpanzees (Pan troglodytes, sequence of five samples shown in Fig. 4) (16) . All of the chimpanzees had the G allele, which was linked to both 9+n and 10+n repeats. Accordingly, we conclude that the mutation from a G to an A creating a novel single nucleotide polymorphism in FMR1 may have occurred once and on the 7-3-4+ haplotype with 30 CGG repeats in a 10+9+9 array. Through either selection or genetic drift, the newer allele (A) of this marker has become the more common allele associated with normal CGG repeats in the Caucasian population examined here.
DISCUSSION
We have identified a single nucleotide polymorphism in intron 1 of the human FMR1 gene. The two alleles of this marker, either an A or a G nucleotide, are not equally linked to chromosomes with expanded CGG repeats and, thus, fragile X syndrome. Expansion mutations appear to occur on both ATL1 backgrounds but are five times more commonly associated with the G allele. Previous reports have suggested that SNPs located extremely close to other repeat arrays actually may influence the stability of the repeat (28, 29) . However, as ATL1 is 5.6 kb away from the CGG repeat of FMR1, we believe this SNP is less likely to directly affect repeat stability. Thus, ATL1 is more likely linked to cis-acting sequences directly influencing stability. Accordingly, we have used the ATL1 marker to revisit all of the known risk factors identified with predisposition to CGG repeat expansion in FMR1: overall repeat length, haplotype at three flanking microsatellites and CGG repeat structure.
Repeat structure: position of first AGG interruption
Our sample set represents one of the largest groups of normal and fragile X chromosomes examined at the FMR1 locus thus far, particularly in such detail. We observed a range of repeat lengths and haplotypes quite similar to previous studies, including a notable difference in haplotype distribution between normal and fragile X chromosomes (reviewed in ref. 9 ). However, use of the ATL1 polymorphism has allowed us to further separate X chromosomes into related groups with apparently quite different rates of progression to repeat expansion. For example (Fig. 3) , we have shown that on the DXS548-FRAXAC1 haplotype 7-3, previously thought to be negatively associated with risk of expansion, the ATL1-A allele is significantly under-represented in fragile X, while the G allele on this haplotype is almost evenly represented in our normal and fragile X samples. Therefore, these two haplotypes may represent appropriate targets for a more intensive, sequence-directed search for cis-acting elements influencing stability.
The sampled X chromosomes with the ATL1-A allele appear to have radiated from a common founder with the 7-3-4+ haplotype, as 66% of normal and 58% of fragile X ATL1-A chromosomes tested at all markers still maintain this haplotype. The remaining A allele samples appear to have mostly undergone small changes at the DXS548, FRAXAC2 and (much more rarely) FRAXAC1 loci. Normal African-American chromosomes also showed a tight linkage of the 7-3-X haplotype to ATL1-A. As the A allele was observed in one African bushman, the ATL1 mutation may pre-date the split of African and non-African populations, generally estimated at 100 000 years ago (30) or this single individual may carry an outbred rather than indigenous haplotype. Still, the significant under-representation of 7-3-X, ATL1-A chromosomes with the fully mutated CGG repeat implies the presence of some protective cis-acting factor which is itself in linkage disequilibrium with the A allele of ATL1 or the absence of a predisposing factor.
In addition to ATL1, any cis-acting factor seems to also be significantly linked to the position of the first AGG interruption (Figs 4 and 5) . Both the ATL1-G allele and the two positively associated DXS548-FRAXAC1 haplotypes are actually tightly linked to the 9+n repeat pattern. The G allele, which comprises 40% of normal but 83% of fragile X chromosomes, is linked to the 9+n configuration in 80% of normal chromosomes tested. ATL1-A is linked to 9+n tracts in only 2.5% of our control samples, while ATL1-A and the 10+n pattern are linked on 90% of normal chromosomes. Examination of microsatellite data (Fig.  4) shows that the two haplotypes 2-1-X and 6-4-X are very tightly (92%) linked to the 9+n CGG repeat configuration, while the negatively associated 7-3-X haplotype has only 8% of chromosomes tested with 9+n repeat tracts.
Pure repeat tracts in excess of 24 repeats have been hypothesized to lead to unstable tracts (10) and tracts with ≥34 repeats have been shown to be unstable upon transmission (18) . If the 9+n configuration itself was also linked to unstable alleles, we would expect to find it over-represented on large normal and premutation chromosomes. Indeed, in our study we found a highly significant linkage between intermediate and premutation-sized alleles and 9+n repeat tracts (Fig. 4 and Table 4 ). Snow et al. (12) examined 15 pedigrees transmitting an unstable CGG repeat. Four of these were 9+n and nine were pure, with only one each 10+n and 11+n configurations. They also saw the 9+n pattern on 12/16 stably transmitted large normal alleles and the 10+n on only 3/16. Murray et al. (25) reported 13 unstable pedigrees: six had pure tracts and six had 9+n tracts. Eichler et al. (18) studied 37 large normal tracts (defined as 36 to >55 repeats) and found 24/37 were 9+n and 3/37 were pure. Of 13 premutation alleles, 10 were 9+n and one was pure. Results consistent with these have been reported in other studies (10, 14, 15, 25) where a portion of the chromosomes examined are re-analyzed in this report. Thus, we conclude that the nine CGG followed by one AGG repeat pattern at the 5′ end of the tract is tightly linked to unstable repeat tracts.
Previous studies have found the 10+n repeat pattern in almost all populations, including genetically closed populations (13, 15) . If the 9+n pattern is the ancestral state, as has been suggested (13), addition of a 5′ CGG to create the 10+n pattern must also have occurred at least 100 000 years ago (30) . However, the 10+n pattern is significantly under-represented in unstable repeat arrays. Thus, we propose that the 10+n pattern itself may serve to actually stabilize the repeat array. If the 10+n structure were more stable, selective pressure might explain why this array is the most common in almost all populations tested (13, 15) , despite theoretically occurring later in evolution. This is the first suggestion that the 5′ end of the repeat tract might be an important factor for risk of expansion; at present, we cannot distinguish between simple linkage of the repeat pattern to other causative factors or an actual involvement of the 5′ end of the tract in repeat stability.
Clearly, CGG tracts with other interspersion patterns, such as 8+n, 10+n, 11+n, etc. occur on both large normal and premutation chromosomes, but at vastly reduced rates. Here the utility of the ATL1 marker becomes evident: within a group of chromosomes with the same microsatellite haplotype and similar CGG repeat lengths, the ATL1 allele state closely corresponds to the position of the first AGG interruption, particularly the ATL1-A allele to the 10+n pattern. This is most clearly seen on the 2-3, 6-3 and 7-3 haplotypes in Figure 4 . Assuming that the 5′ repeat pattern and ATL1 allele state are more stable than the microsatellites, it would seem that chromosomes which are linked to AC1 allele 3 but are ATL1-G and 9+n actually derive from founders separate from the ATL1-A, 10+n chromosomes. Interestingly, the FRAXAC2 state is also significantly different on 7-3 chromosomes based on the ATL1 allele (Fig. 4 and Table 3) , with ATL1-G linked to AC2 allele 4 and ATL1-A linked to AC2 allele 4+. This suggests that if cis-acting factors determine repeat instability, they should be approximately located in the 19.6 kb interval between FRAXAC1 and FRAXAC2, including the CGG repeat and ATL1. Obviously, were the 5′ end of the CGG repeat to be a risk factor for expansion, it would be contained within this interval. In contrast to previous models, our data further suggest that allele state at DXS548 and FRAXAC1 may not be as important for repeat stability, since chromosomes with the same haplotype at these two markers are now clearly shown to have differing transition rates to full mutation status.
Haplotype associations and mechanistic implications of ATL1
The majority (70-80%) of fully mutated fragile X alleles has been shown to be linked to three predominant DXS548-FRAXAC1 marker haplotypes (76% in this study). This leaves 20-30% of expanded fragile X alleles linked to 'rare' haplotypes. Several previous reports have suggested that general instability at repeat loci could be responsible for mutating not only the CGG repeat but also the flanking dinucleotide markers to produce these rare haplotypes (25) . There is, however, limited evidence for this hypothesis and, in such a case, the use of a haplotype of single nucleotide polymorphisms could be quite valuable. As these biallelic markers would presumably not be affected by general instability, they could distinguish founder chromosomes which have over time radiated into a number of small haplotypes surrounding the predominant founder haplotype from chromosomes which experienced a sudden change at most or all of the repeat markers at the FMR1 locus. Our data from the ATL1 polymorphism alone seem to point to the former case. For example, although the ATL1-A allele is observed associated with the AC1-3 allele in 323 chromosomes out of 340, 88% of the remaining ATL1-A chromosomes carry FRAXAC1 alleles differing by a single dinucleotide from the AC1-3 allele (i.e. AC1-2 and AC1-4).
In our samples, we found only fragile X chromosomes and no normal chromosomes on the following haplotypes: 2-4-5; 3-3-3; 3-4-5; 4-4-5; 5-1-5; 5-4-3; 5-4-4. All of these chromosomes had the ATL1-G allele and carry FRAXAC1 and FRAXAC2 alleles exclusively or almost exclusively linked to ATL1-G on all chromosomes studied (Table 3) . Thus, the 'rare' nature of these haplotypes derives mostly from the DXS548 allele on these chromosomes. Therefore, instead of generalized microsatellite instability in the FMR1 region causing rare haplotypes, specific instability of DXS548 alleles may occur or recombination between DXS548 and FRAXAC1 could reshuffle haplotypes during the progression of N to S to Z alleles. Indeed, recombination between DXS548 and the CGG repeat upon transmission has been reported in several fragile X pedigrees (31, 32) , although it is unclear if recombination in this 150 kb interval is elevated in general or enhanced in combination with lengthy CGG repeats.
The data reported above suggest that the most stable markers in the FMR1 region are the first AGG interruption in the CGG repeat itself and SNPs like ATL1. These markers reveal nearly complete distinctions between groups of X chromosomes demonstrating unequal frequencies of CGG repeat expansion (Fig. 3) . Therefore, the resulting ability of ATL1 to discriminate between a large number of haplotypes at FMR1, when combined with the informativeness of the AGG interspersions of the CGG repeat, provides a much more robust system to dissect the mechanism of dynamic mutations than at any other loci responsible for repeat instability disorders.
MATERIALS AND METHODS

Sample populations
Caucasian DNA samples from the normal repeat length population were composed of two groups, which were subsequently combined as their CGG repeat lengths and DXS548-FRAXAC1 haplotype distributions were not significantly different. The ethnicity of the samples was self-reported as Caucasian at the time of sampling. Of the samples 360 were random male samples from an ongoing survey of the FMR1 gene among students in special education classes in the five county metropolitan area of Atlanta, as previously described (33), 158 were from male blood donors in Wessex, UK and have also been previously described (24) . For the AGG interruption analysis, the UK chromosomes were added to a group of 46 US Caucasian males previously studied (10, 15) . A collection of 34 intermediate allele and premutation-sized chromosomes from Wessex, UK was also examined, but as this group was not a random collection, we could not add them into the 'normal' sample set without significantly altering the repeat and haplotype distributions. Fragile X samples were also composed of two groups: 67 were US Caucasian males previously studied (10) and 85 were of similar background ascertained from the Southeastern USA. The African !Kung and Khwe male samples were generously provided by Dr Douglas C.Wallace (34) . The African pygmy male samples are three Mbuti (NA10495A, NA10492 and NA10494) and two Biaka (NA10469A and NA10470), obtained from the NIGMS Human Genetic Mutant Cell Repository. African-American samples were also collected from special education classes in metropolitan Atlanta (33) . The nine male chimpanzee DNAs, five of which have been previously studied (16) , were collected from the Yerkes Primate Center.
SSCP analysis and DNA sequencing
Primer sets amplifying products of ∼250 bp were selected in and around the FMR1 gene. Reaction conditions for each set were optimized with the PCR Optimizer Kit (Invitrogen). Aliquots of 1 pmol each γ-32 P-labeled primer and 20 pmol each unlabeled primer, the appropriate buffer, 200 µM dNTPs and a 3:1 mix of Taq to Pfu (Stratagene) polymerases were used to amplify 100-200 ng genomic DNA. A panel of 20-30 normal samples and 15-20 fragile X samples of various DXS548-FRAXAC1 haplotypes were tested for each primer set. After addition of formamide loading buffer, reactions were denatured at 95_C and 2-4 µl were loaded on gels made of 0.5× MDE gel solution and 0.6× TBE. Gels were run at 15-25 W in 0.6× TBE buffer for 6-8 h.
Shifted samples and several non-shifted controls were reamplified without radioactivity and products were cloned with the TA Cloning Kit (Invitrogen). Multiple clones from separate PCRs for each sample were sequenced with vector primers on the ABI373 automated sequencer and sequences were aligned using the GeneWorks program (Oxford).
Polymorphism detection
The novel single nucleotide polymorphism was basically characterized using the protocol of Handelin and Shuber (35) . The region containing the marker was amplified using primers ATL1-F (CCC TGA TGA AGA ACT TGT ATC TC) and ATL1-R (GAA ATT ACA CAC ATA GGT GGC ACT). Approximately 100 ng genomic DNA were added to a reaction of 1× Gene-Amp PCR Buffer II (Perkin-Elmer), 1.5 mM MgCl 2 , 160 µM dNTPs, 30 pmol each primer, 1 U Taq and 0.3 U Pfu polymerases. Reactions were heated at 94_C for 2 min, then amplified for 30 cycles of 94_C for 15 s, 62_C for 30 s, 72_C for 1 min, followed by 10 min at 72_C and a 4_C soak. Following PCR, denaturation buffer was added to the reactions and half of each was blotted onto duplicate Hybond N + membranes (Amersham).
Probes ATL1-A (AAA TGT TTT TGC ATT TG) and ATL1-G (AAA TGC TTT TGC ATT TG) were labeled with [γ-32 P]ATP and T4 polynucleotide kinase. Each probe was added to 20 ml hybridization solution containing TMAC (35) and blots were exposed to the probe in solution for 2.5 h at 52_C. Blots were washed twice with TMAC wash solution (35) for 20 min at 52_C and either exposed to a bio-imaging screen (Fuji) for 1 h or to film overnight at -70_C.
Haplotype analysis
For a fraction of the samples, haplotypes had previously been determined (10, 14, 15, 24) . Allele state at the DXS548 microsatellite was determined either alone by radioactive methods previously described (19) or multiplexed with the FRAXAC1 and FRAXAC2 microsatellites in a fluorescent method (36) . The allele numbering of Eichler et al. (14) was used for all three microsatellites; in addition, one sample was found to contain a 208 bp DXS548 allele and thus designated 0 and a 160 bp FRAXAC2 allele was designated 0.5 or 0+. FRAXA allele size was also determined by a fluorescent method as previously described (33, 36) . AGG interspersion analysis had been completed previously on 203 samples (10, 14, 15) .
Statistical analysis
Distributions of alleles were compared using standard χ 2 analysis if possible. However, if expected frequencies were <5 for any cell, the StatXAct-3 program (Cytel Software) was used to calculate the Fisher-Freeman-Halton exact test (designated as Fisher's exact test) with the Monte Carlo method of repeated sampling, due to the large sizes of the data sets.
